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Key Points: 16 
 17 
Local-scale low-velocity anomalies exist directly beneath the Wudalianchi and 18 
Halaha volcanoes. 19 
A detached lithosphere is revealed as a high-velocity anomaly above the 410-km 20 
discontinuity.  21 
The delaminated lithosphere and related mantle upwelling may control the location of 22 
Cenozoic volcanism. 23 
Abstract 24 
There exists much debate about origins of cretaceous-present volcanism in 25 
northeast (NE) China. Here we present high-resolution seismic images of the upper 26 
mantle beneath NE China by inverting P-wave travel-time data recorded by two dense 27 
linear arrays. The inclusion of the new data set has greatly improved sampling of the 28 
upper mantle beneath the study region, providing tight constraint on the seismic 29 
structure under the intraplate Wudalianchi and Halaha volcanoes. Local-scale low 30 
P-wave velocity (low-Vp) anomalies are revealed in the shallow mantle beneath the 31 
two volcanoes, whereas a large-scale high-Vp zone is imaged in the mantle transition 32 
zone (MTZ). These new results suggest that the two volcanoes, though located at 33 
different sites above the stagnant Pacific slab in the MTZ, are likely related to the 34 
deep subduction and dehydration of the Pacific slab, possibly through hot and wet 35 
upwellings in the big mantle wedge (BMW) beneath Wudalianchi and through deeper 36 
hydrous upwelling related to slab avalanche beneath Halaha. Our results also reveal 37 
other striking features, such as high-Vp structures resting atop the 410 km 38 
discontinuity beneath the Great Xing’an Range and the Songliao Basin, which are 39 
attributed to detached continental lithosphere. The delamination most likely occurred 40 
in the Cretaceous, which induced widespread magmatism in NE China. 41 
 42 
1. Introduction 43 
From the viewpoint of regional tectonics, NE China is located at the eastern edge 44 
of the Central Asian Orogenic Belt (CAOB). The Siberian craton bounds this feature 45 
to the north and the Tarim and North China cratons present the limit to the south 46 
making the CAOB one of the largest accretionary orogens on Earth. The CAOB is 47 
considered to have formed by the closure of multiple oceans and amalgamation of 48 
terrains of different types, deriving from quite diverse sources (Dobretsov et al., 1995; 49 
Xiao et al., 2003). In the early Cretaceous, NE China experienced intensive 50 
extensional deformation, which was manifested by widespread volcanism (Wu et al., 51 
2005; Zhang et al., 2010), metamorphic core complexes (e.g., Donskaya et al., 2008), 52 
and the development of a series of extensional basins including the Songliao Basin 53 
(SLB) (Meng, 2003). The Cretaceous magmatism in NE China was dominant in the 54 
Great Xing’an Range (GXR), and it also occurred widely in the SLB and the Jiamusi 55 
region (Meng, 2003; Wang et al., 2006; Zhang et al., 2010). The deep dynamic 56 
processes associated with the large-scale extension and volcanic activity are still not 57 
well understood. Several mechanisms have been proposed, such as mantle plumes 58 
(Deng et al., 1996), lithospheric delamination (e.g., Zhang et al., 2010), and westward 59 
subduction and rollback of the Paleo-Pacific plate (Wu et al., 2005). 60 
Intraplate volcanism in NE China continued through the Cenozoic and is mainly 61 
distributed along the northern, western and eastern edges of the SLB (Figure 1) (Fan 62 
& Hooper, 1991; Liu et al., 2001). Among the ~600 Cenozoic volcanoes in NE China 63 
(Liu et al., 2001), the Holocene ones are located in the Changbaishan, Longgang, 64 
Jingpohu, Wudalianchi, Halaha and Abaga areas (Figure 1). Volcanic rocks in these 65 
areas are largely of alkali basalt composition with some tholeiites (Chen et al., 2007; 66 
Ho et al., 2013; Kuritani et al., 2011; Wang et al., 2017; Xu et al., 2012; Zhao & Fan, 67 
2012). Geochemical studies suggest that these Holocene basalts are characterized by a 68 
mix between an asthenospheric mantle and EM1 (enriched mantle 1) (e.g., Xu et al., 69 
2012), however, whether the EM1 signature originates from the sub-continental 70 
lithospheric mantle (SCLM) or the recycled sediments or oceanic crust in an ancient 71 
stagnant slab in the MTZ remains hotly debated (e.g., Zhang et al., 1995; Kuritani et 72 
al., 2011; Xu et al., 2012).  73 
Seismic tomography has been widely used to study the mantle structure and 74 
constrain the origin of intraplate volcanoes. Previous studies show that the 75 
Changbaishan volcano is underlain by a significant low-velocity (low-V) anomaly 76 
extending to a depth of ~400 km (e.g., Lei & Zhao, 2005; Zhang et al., 2013a; Zhao & 77 
Tian, 2013). In the MTZ (410-660 km depths), most studies show a broad 78 
high-velocity (high-V) zone associated with the subducted Pacific slab (Huang & 79 
Zhao, 2006; Li & van der Hilst, 2010; Tao et al., 2018; Wei et al., 2012, 2015; Zhang 80 
et al., 2013a; Zhao et al., 2009; Zhao & Tian, 2013). Zhao et al. (2009) proposed that 81 
the Changbaishan volcano was caused by the hot and wet upwelling flow in a BMW 82 
above this stagnant slab. However, a recent teleseismic tomography study suggested 83 
that while the location of Changbaishan volcano is linked to the deep subduction, the 84 
volcanism is related to a hot upwelling of sub-slab materials rising through a gab in 85 
the subducted slab (Tang et al., 2014). However, this suggestion is not supported by 86 
more recent tomographic studies of NE Asia (e.g., Chen et al., 2017a; Takeuchi et al., 87 
2014) and so the origin of Changbaishan volcano remains a topic of debate. 88 
Compared to the Changbaishan volcano, the mantle structure beneath other Holocene 89 
volcanoes in NE China has not been investigated until very recently. Based on seismic 90 
data recorded by the NECESSArray (NE China extended seismic array), results of 91 
surface-wave tomography indicate that continuous low-V anomalies are present in the 92 
crust and shallow mantle under the Abaga and Halaha volcanoes, which are 93 
interpreted as local asthenospheric upwelling from a return flow driven by 94 
downwelling beneath the SLB (Guo et al., 2016). However, these seismic images 95 
have a reliable resolution to ~200 km depth, meaning it is unclear if the low-V 96 
anomalies beneath these volcanoes extend to a greater depth.  97 
The Wudalianchi volcano is an active volcano with its most recent eruption dated 98 
to 1719-1721 CE (Liu, 2001). Despite the inclusion of the NECESSArray data, the 99 
fact that the station spacing in this region is ~70 km means the mantle structure under 100 
this volcano remains poorly constrained (Guo et al., 2016). A denser spacing of 101 
seismic stations is required to successfully image the localized distribution of volcanic 102 
rocks and the likely associated local melting source of the Wudalianchi volcano. 103 
In this work, we have determined high-resolution tomographic images along two 104 
densely distributed linear arrays that span different tectonic units in NE China. In 105 
particular, one of the arrays passed through the Wudalianchi volcano, while the other 106 
array passed through the Halaha volcanic area (Figure 2). Our present results provide 107 
new constraints on the mantle structure beneath the Wudalianchi and Halaha 108 
intraplate volcanoes, allowing us to infer their origins and the mantle dynamics in NE 109 
China. 110 
2. Data  111 
Two linear, roughly parallel, NW-SE seismic arrays were deployed in NE China 112 
during April 2009 to September 2011 (Qiang & Wu, 2015; Zhang et al., 2013a, b). 113 
They consisted of 116 three-component broadband seismic stations. The profiles 114 
traversed (from west to east) the GXR, the SLB and the Jiamusi block. The total 115 
length of each array is ~1200 km, along which seismic stations were closely spaced at 116 
an average interval of ~20 km (Figure 2). Following the previous studies (Zhang et al., 117 
2013b), hereafter we call the northern and southern profiles as EH and SM lines, 118 
respectively. 119 
    We selected seismograms from earthquakes with Ms ≥ 5.5 and epicentral 120 
distances of 30° to 95° (Figure 2). Considering the linear distribution of the seismic 121 
arrays, we only used earthquakes with back-azimuths very close (no more than 20°) to 122 
the strike of the EH and SM lines (Figure 2). With this criterion, we have collected a 123 
total of 2420 and 3661 P-wave arrival times from 63 and 87 earthquakes recorded by 124 
the EH and SM arrays, respectively. The teleseismic P waveforms are first filtered 125 
between 0.4 and 1.5 Hz, and then a multi-channel cross-correlation technique 126 
(VanDecar & Crosson, 1990) is applied to determine P-wave relative travel times 127 
across each profile, with a minimum cross-correlation coefficient of 0.85 and a mean 128 
root-mean-square (RMS) uncertainty of 0.02 s for the relative arrival times. To 129 
demonstrate what lateral extent of the Earth is sampled along the EH and SM lines, 130 
we show the piercing points of teleseismic rays at 100-600 km depths in Figures S1 131 
and S2. For the P-wave data with the dominant period of 1 s, the Fresnel zone widths 132 
at 200 and 600 km depth are ~40 and 75 km, respectively. From Figures S1 and S2, it 133 
is clear that the sampling zones of seismic rays between EH and SM lines differ from 134 
each other in the shallow mantle (above 400-km depth), even considering the effect of 135 
P-wave Fresnel zone widths at each depth, suggesting that seismic structure below 136 
each line can be well distinguished by the data sets used in this study. 137 
    Our models have significantly improved the tomographic resolution compared to 138 
previous models for several reasons. First and foremost, the average station spacing of 139 
~20 km means we have good crossing rays in the upper mantle, providing a better 140 
constraint on the size, location and depth extension of the anomalous structure 141 
beneath the volcanoes. Secondly, we only use the teleseismic events whose 142 
back-azimuths are close to the strike of EH and SM lines to avoid mapping the 143 
heterogeneous structures far from each line. Finally, because of the steep incident 144 
angles of teleseismic rays and their arriving at similar back-azimuths, the contribution 145 
of azimuthal anisotropy to the relative travel-time residuals is not evident, greatly 146 
reducing the tradeoff between the isotropic and azimuthal anisotropy velocity 147 
structures (e.g., Huang et al., 2014; Wei et al., 2015). O’Driscoll et al (2011) used 148 
SKS splitting parameters and the calculated P and S wave velocities along the wave 149 
propagation direction in a hexagonal anisotropic medium to estimate the effect of 150 
azimuthal anisotropy on telesesmic P-wave delays. They found that for a vertically 151 
arriving P-wave ray, it would cause 0.38 s P-wave delay when the observed SKS 152 
splitting time was 1 s. In this study, because we use seismic rays with similar 153 
back-azimuths and the relative travel-time (RTT) residuals in the inversion, the 154 
contribution of azimuthal anisotropy to the RTT residuals is less than 0.1 s 155 
(O’Driscoll et al., 2011), considering that the overall observed SKS splitting times are 156 
of low amplitude (~0.8 s) in NE China (Li & Niu, 2010; Huang et al., 2011). This 157 
suggests that the effect of azimuthal anisotropy to the RTT residuals is small. The 158 
RTT residuals can also be affected by anisotropy if vertical flow is dominant in the 159 
upper mantle. If local-scale vertical flow aligns the olivine a-axis in a vertical 160 
orientation in the upper mantle along the EH and SM lines, it will cause the P waves 161 
to arrive relatively early, resulting in faster velocities in our tomography. This would 162 
imply that the amplitude of any low-Vp anomaly is underestimated or a high-Vp 163 
anomaly is overestimated. In NE China, ongoing lithospheric delamination has been 164 
inferred from a complicated anisotropic structure beneath the southern GXR and 165 
southwest SLB (Chen et al., 2017b), particularly due to extensive null splitting (Li et 166 
al., 2017) in these regions from shear wave splitting studies. However, in the northern 167 
GXR and the SLB (the focus of this paper), current mantle flow in a vertical direction 168 
is not evident or only exists very locally (Chen et al., 2017b; Li et al., 2017; Qiang & 169 
Wu, 2015), so the effect of vertical anisotropy on the RTT residuals is likely minimal. 170 
There is no evidence for the existence of the tilted anisotropy in the upper mantle of 171 
NE China. If it exists, its effect on the P-wave travel times is more complicated. At 172 
this stage, it is hard to investigate how much of the RTT residuals is caused by tilted 173 
anisotropy.   174 
3. Method 175 
3.1 Model parameterization and inversion 176 
We used the tomographic method of Zhao et al. (2012) to invert the teleseismic 177 
data. We use a 3-D grid to parameterize our 3-D modeling space from 40°N to 55°N 178 
latitude, 113°E to 142°E longitude, with a lateral grid interval of 0.2° and from the 179 
surface to 900 km depth with a vertical grid interval of 20 km. The P-wave velocity 180 
(Vp) at each grid is calculated from the ak135 model (Kennett et al., 1995). A 3-D ray 181 
tracing technique (Zhao et al., 1992) is used to calculate theoretical travel times and 182 
ray paths, from which the RTT residuals are calculated (Zhao et al., 1994) and then 183 
used in the tomographic inversion.  184 
The system of observation equations can be written as: 185 
d = Gm                          (1) 186 
where d is the data vector consisting of the RTT residuals, G is a matrix consisting of 187 
travel-time partial derivatives representing the sampling by the rays at the 3-D grid 188 
nodes, and m is the unknown-parameter vector consisting of Vp perturbations at the 189 
grid nodes. To regularize this under-determined inverse problem we apply the LSQR 190 
algorithm (Paige & Saunders, 1982) with norm l  and gradient damping m (for 191 
smoothing), to solve equation (1) by minimizing (Wei et al., 2013):                            192 
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                  (2) 193 
where L  is the gradient operator.  194 
3.2 Crustal correction 195 
In teleseismic tomography, seismic rays arrive at stations with near-vertical 196 
incident angles and so resolution in the crust is poor. To avoid mapping the crustal 197 
anomalies into the upper mantle, causing systematic errors in the inverted results (e.g., 198 
Waldhauser et al., 2002), we conducted crustal correction to the RTT residuals before 199 
tomographic inversion. We use the CRUST1.0 model (Laske et al., 2013) and 200 
estimate the travel time of the crustal part of each ray through this model, which is 201 
subtracted from the observed arrival time. We then analyze the ray path and its 202 
corresponding travel time of each ray from the bottom of the 3-D crust to the bottom 203 
of the modeling space. This means that we only resolve the 3-D Vp structure in the 204 
mantle. Figure S3 shows the distribution of mean RTT residuals at stations of the EH 205 
and SM lines before the crustal correction. Figure 3 shows the ray paths and their 206 
corresponding RTT residuals along the EH and SM lines after the crustal correction. 207 
The mean RTT residuals at all the stations are also shown. It is evident that seismic 208 
rays cross well to at least 600 km depth (Figure 3). Comparing Figure 3b with Figure 209 
S3, we find that the mean RTT residuals are markedly reduced at the stations located 210 
in the SLB (SM line). This is expected because Vp in the thick sedimentary layer of 211 
the SLB would be much lower than those in the surrounding areas. This means that 212 
the RTT residuals at some stations in the SLB change from being relatively late 213 
arrivals to early ones after the crustal correction.  214 
3.3 Regularization parameter selection  215 
In this study, we take the same value for l  and m  in a range of 5 to 100 to 216 
investigate their effects on the final solution. We find that the data-variance reduction 217 
and variance of Vp perturbations from different damping and smoothing values can be 218 
represented by a trade-off curve. Following Eberhart-Philips (1986), we obtain the 219 
optimal damping and smoothing values through balancing the reduction of data 220 
variance with the requirement of producing a smooth 3-D Vp model. Tomographic 221 
models along the EH and SM lines are inverted separately, with the optimal damping 222 
and smoothing values of 15 and 20 for the EH and SM lines, respectively (Figure 4). 223 
The P-wave RMS RTT residuals before and after the inversion are 0.3613 and 0.1419 224 
s for the EH line, and 0.4228 and 0.1415 s for the SM line, respectively (Figure 5). 225 
The variance reduction of the RTT residuals is 65% (from 0.1306 to 0.0457 s
2
) for the 226 
EH line and 88.8% (from 0.1788 to 0.02 s
2
) for the SM line (Figure 5). 227 
4. Resolution analyses 228 
To investigate the limitations of the data and the inversion method, we performed 229 
checkerboard resolution tests (CRTs). We first construct an input model containing 230 
spherical anomalies with alternating positive and negative Vp perturbations (+/-4%). 231 
The anomalies have a diameter of 70 km in the areas just south of the EH and SM 232 
lines. Synthetic travel times for the checkerboard model are calculated using the same 233 
source-receiver geometries as those in our data set. Random noise with a standard 234 
deviation of 0.1 s is added to the synthetic travel times to simulate the observation 235 
errors in the real data. The synthetic dataset is then inverted using the same methods, 236 
parameterization and regularization as for the real data inversion. The recovered 237 
images of the checkerboard model (Figures S4 and S5) then give an indication of 238 
which parts of our model are most reliable. The CRT results show that resolution is 239 
good in the upper mantle beneath both the EH and SM lines (Figures S4 and S5). In 240 
the MTZ and lower mantle, the input patterns of Vp anomalies can also be recovered, 241 
however, significant vertical smearing occurs along the steeply inclined ray paths at 242 
those depths (Figures S4 and S5). The CRT results suggest that the input anomalies 243 
can be resolved with an amplitude recovery rate of ~40-50%. A recent study suggests 244 
that, compared to the conventional tightly spaced CRTs, the discrete spike tests can 245 
better reveal the resolving power of a data set and the direction of smearing in the 246 
inverted solution (Rawlinson & Spakman, 2016). We conducted the discrete spike 247 
tests with different scale lengths of structure (Figures 6, 7, S6 and S7), which indicate 248 
that the large-scale structure (spherical anomaly with a Gaussian width of 50 km) is 249 
better retrieved than the fine-scale one (spherical anomaly with a Gaussian width of 250 
35 km) for both the EH and SM lines. These resolution tests suggest that our 251 
high-quality datasets are able to resolve structural features on the order of 50 km 252 
length scales to a depth of at least 400 km (Figures 6, 7, S4 and S5) and larger 253 
structures to greater depths.  254 
4. Results 255 
Figures 8 and 9 show map views of Vp tomography from our inversions of the 256 
RTT residual data recorded at stations along the EH and SM lines, respectively. 257 
Because most of the teleseismic events used are located in slightly more southern 258 
azimuths relative to the orientation of the EH and SM lines (Figure 2), seismic rays 259 
mainly sample the zones just south of each line in the upper mantle (Figures S1 and 260 
S2), and this is why the deep structure of the Halaha volcano, although located to the 261 
south of the SM line, can be well resolved (Figures 7 and 9). Our results show that 262 
there is no significant Vp variation in the NE-SW direction along each line, i.e., 263 
normal to the strike of the EH and SM lines (Figures 8 and 9). This is expected, 264 
because we only used the teleseismic events which are located within 20° to the strike 265 
of the EH and SM lines. The tomographic results mainly reflect the dominant 266 
structure around each line. In addition, the trend of major geologic structures in NE 267 
China is NE-SW oriented (Figure 1), and so we expect that the mantle structure in the 268 
region may not change much in the NE-SW direction at least at the scale of the 269 
tomographic resolution (~50 km). Therefore, our tomographic results can be best 270 
represented by vertical cross-sections along the EH and SM lines (Figure 10).  271 
A low-Vp anomaly with a width of ~80 km is evident directly beneath the 272 
Wudalianchi volcano (Figure 10a). It extends from the depth of ~35 km to ~200 km 273 
and is further elongated southeastwards to 400 km depth. A spatially continuous 274 
high-Vp anomaly is present in the MTZ under the Wudalianchi volcanic area and its 275 
western part extends down to the lower mantle. Considering the previous results of 276 
regional and global tomography (e.g., Fukao et al., 2009; Huang & Zhao, 2006; Li & 277 
van der Hilst, 2010; Obayashi et al., 2013; Wei et al., 2012, 2015; Zhao, 2004; Zhao et 278 
al., 2013), we suggest that the high-Vp anomaly delineates the current location of the 279 
subducted Pacific slab. Another high-Vp zone is present at depths of ~300-500 km in 280 
the western part of the EH profile, directly beneath and to the southeast of the GXR 281 
(Figure 10a). The two high-Vp anomalies seem to connect in the MTZ.   282 
Our model below the SM line shows a broadly inclined low-Vp anomaly beneath 283 
the GXR (Figure 10b). It is deeply rooted in the MTZ and continuously extends to the 284 
shallow mantle (~120 km depth), where it spreads laterally to a much larger area. A 285 
smaller low-Vp anomaly is located directly beneath the Halaha volcano and seems to 286 
connect with the large-scale low-Vp body (Figure 10b). Beneath the SLB, the model 287 
shows a large low-Vp anomaly in the shallow mantle underlain by a high-Vp layer 288 
with a thickness of ~100 km. In the MTZ and lower mantle, a large high-Vp anomaly 289 
is imaged, which is similar to the feature in the EH line, corresponding to the 290 
subducted Pacific slab.  291 
While the checkerboard tests give a good indication of the resolution of our 292 
models, they represent non-geological structures. To better understand the ability of 293 
the inversion to image the main features we interpret, we carried out more realistic 294 
synthetic tests. We generate a synthetic input model with a large slab structure in the 295 
MTZ and smaller, local upwelling in the upper mantle. We calculate synthetic travel 296 
times for the input model and perform a tomographic inversion using the same 297 
approach as described for the CRTs. The test results (Figure 11) show that the main 298 
features we interpret here are well resolved, though some vertical smearing occurs in 299 
the MTZ and lower mantle. 300 
Figure S8 show tomographic results along the EH and SM lines without the 301 
crustal correction. By comparing Figure S8 with Figure 10, it is clear that there is no 302 
significant difference in the tomographic images at depths greater than 100 km. We 303 
also jointly inverted the RTT residuals from the EH and SM lines. The main features 304 
resolved (Figure S9) are generally consistent with the results achieved by the separate 305 
inversions of the seismic data from each line (Figure 10). In addition, we have 306 
conducted a tomographic inversion with our previous regional model (Wei et al., 2012) 307 
as a 3-D starting model. It should be noted that the previous model poorly constrains 308 
the upper mantle structure beneath the EH and SM lines (Figure S10) because of the 309 
lack of digital seismic stations in NE China. The inversion results are shown in Figure 310 
S11. Although there are some variations in the images in the very shallow mantle 311 
compared to the results shown in Figure 10, the main results that discussed in the text 312 
remain the same.  313 
5. Discussion 314 
4.1 Origin of the Wudalianchi volcano 315 
The origin of the Wudalianchi volcano is the target of many geophysical and 316 
geochemical studies (Chen et al., 2007; Kuritani et al., 2013; Wang et al., 2017; Wei et 317 
al., 2012; Zhang et al., 1995, 2013a; Zhao, 2004; Zou et al., 2003). Its unceratainty is 318 
partly due to a lack of high-resolution seismic images of the mantle structure beneath 319 
the volcano. It is debated whether the Wudalianchi volcanism is related to hot and wet 320 
upwelling flow within the BMW (Zhao, 2004; Zhao et al., 2013) or a result of 321 
shallower processes (e.g., Zhang et al., 1998). Our new model (Figure 10a) shows a 322 
narrow, vertically continuous low-Vp anomaly beneath the Wudalianchi volcano, 323 
which extends to a depth of 200 km, and then oblique to the direction of SE to a depth 324 
of 400 km. In the MTZ, a large-scale high-Vp structure is revealed (Figure 10a), 325 
which represents the subducting Pacific slab. While we cannot rule out a connection 326 
of this low-Vp material to deeper structure in the SW-NE direction, our tomographic 327 
result suggests that the Wudalianchi volcano is very likely associated with the 328 
stagnant Pacific slab (Figure 10a).   329 
Experimental studies show that in the MTZ wadsleyite and ringwoodite can 330 
carry significant amounts of water (2-3 wt%) (e.g., Kohlstedt et al., 1996; Smyth, 331 
1987). This is more than olivine in the upper mantle and perovskite and 332 
magnesiowüstite in the lower mantle can carry (e.g., Ohtani et al., 2004), suggesting 333 
that the MTZ may be an important water reservoir in deep-Earth fluid cycling (e.g., 334 
Bercovici & Karato, 2003; Karato, 2011; Maruyama & Okamoto, 2007). A high water 335 
content in the MTZ beneath NE China has been suggested by a series of geochemical 336 
and geophysical studies (e.g., Ichiki et al., 2001; Kelbert et al., 2009; Wang et al., 337 
2015). In particular, a recent seismological study suggests that the water content is 338 
~0.2-0.4 wt% in the MTZ beneath NE China, but in some areas where the Pacific slab 339 
is thought to exist, the water content may be as high as 0.8 wt % (Wei et al., 2015). 340 
This suggests that a wet MTZ may exist beneath the study region. This result is 341 
supported by the existence of a high-conductivity anomaly in the MTZ beneath NE 342 
China (Guo & Yoshino, 2013; Ichiki et al., 2001; Kelbert et al., 2009), which is 343 
considered to be caused by the release of water from the stagnant Pacific slab. In 344 
addition, it has been suggested that as the slab is very old and therefore cold, hydrous 345 
phases in the slab are stable to depths greater than 410 km and that dehydration 346 
reactions may occur in the slab at MTZ depths (e.g., Kuritani et al., 2011, 2013; 347 
Ohtani et al., 2004; Ohtani & Zhao, 2009).   348 
Many researchers have used these results to infer that deep dehydration of the 349 
slab leads to buoyant, hydrous upwelling that can facilitate melting, leading to the 350 
present-day intraplate volcanism in NE China, particularly at Changbaishan (Chen et 351 
al., 2017a; Lei & Zhao, 2005; Ma et al., 2018; Tian et al., 2016; Wei et al., 2015; 352 
Zhang et al., 2013a; Zhao et al., 2009). Our present tomographic results show that this 353 
is a plausible mechanism driving volcanism at Wudalianchi, where a local upwelling 354 
exists above the stagnant Pacific slab. This is similar to the result obtained by 355 
high-resolution local tomography beneath the Changbaishan volcano (Zhao & Tian, 356 
2013). A geochemical study of the Wudalianchi volcano shows prominent positive 357 
spikes for Ba, Pb and Sr in potassic basalts (Wang et al., 2017), which are typical for 358 
hydrated mantle melts (Barry et al., 2007; Sakuyama et al., 2013; Wang et al., 2015). 359 
Results of numerical modeling indicate that Rayleigh-Taylor type instabilities could 360 
be triggered at the top of the stagnant Pacific slab due to its being heated from above 361 
(Richard & Bercovici, 2009). The upwelling wet plumes would release their water 362 
and induce partial melting atop the 410-km discontinuity, forming a water saturated 363 
melt layer (Bercovici & Karato, 2003). A recent seismological study indeed found an 364 
apparent low-velocity layer atop the 410-km discontinuity beneath NE China (Tauzin 365 
et al., 2017), which reinforced the conclusion of the convective dehydration of the 366 
stagnant slab in the region. The wet upwelling would further go up to the shallow 367 
mantle to drive the intraplate volcanism at Wudalianchi.  368 
4.2 Origin of the Halaha volcano 369 
Numerical models suggest that a focused upwelling can be produced at the leading 370 
edge of a subducting slab in the back arc, which may cause volcanism far from the 371 
trench (Faccenna et al., 2010). This atypical plume-like structure is revealed by 372 
mantle tomography in the western US (Li et al., 2008) and the Mediterranean region 373 
(Piromallo & Morelli, 2003). In NE China, previous tomographic studies have shown 374 
that the leading edge of the stagnant Pacific slab in the MTZ reaches the eastern 375 
margin of the GXR, close to the Halaha volcanic field (e.g., Huang & Zhao, 2006; Li 376 
& van der Hilst, 2010; Obayashi et al., 2013; Wei et al., 2012). Here a question arises: 377 
does the Halaha volcanism belong to this type or is it related to the stagnant Pacific 378 
slab itself?  379 
Our new tomographic results demonstrate that a large high-Vp anomaly 380 
corresponding to the Pacific slab is present in the MTZ beneath NE China (Figure 10). 381 
Its western part, however, has likely descended to the lower mantle. It should be noted 382 
that this structure could be affected by vertical smearing (Figure S5), due to the 383 
limited crossing rays in the lower mantle (Figure 3b). Global tomography and other 384 
seismological investigations have revealed that the stagnant slab in this region 385 
eventually descends into the lower mantle through a slab avalanche (e.g., Fukao et al., 386 
2009; Li et al., 2008; Zhao, 2004). When this occurs, most water in the slab will be 387 
released through dehydration melting at the top of the lower mantle (Schmandt et al., 388 
2014), generating slightly buoyant hydrous melt that would rise, returning water to the 389 
MTZ (Schmandt et al., 2014). We invoke this mechanism to explain the pronounced 390 
low-Vp anomaly in our new model just above the westernmost part of the subducted 391 
Pacific slab (Figure 10b). It continuously extends upward from ~500 km depth to the 392 
shallow mantle at ~120 km depth, where it appears to spread laterally (Figure 10b),  393 
although our model has a lower resolution off the profile. 394 
The lithospheric thickness beneath the GXR is estimated to be 140~160 km from 395 
S-wave receiver functions (Zhang et al., 2014) and ~120 km by magnetotelluric 396 
sounding (Liu et al., 2006). The laterally extensive low-Vp anomaly imaged at depths 397 
of ~120-200 km is possibly due to the impingement of a large-scale upwelling with 398 
the rigid lithosphere. We find a localized low-Vp anomaly with a width of ~80 km 399 
right beneath the Halaha volcano. It appears to be connected with the large-scale 400 
low-Vp anomaly in the asthenosphere and extends vertically through the lithosphere 401 
(Figure 10b). The present results indicate that the recent volcanism is not located 402 
directly above the large-scale upwelling plume but rather, is ~200 km away. A similar 403 
structure is imaged beneath an intraplate volcano in Khanuy Gol, central Mongolia 404 
(Zhang et al., 2017). They suggest that the upwelling is possibly related to the 405 
subduction of the Indian plate into deep mantle beneath the Mongolia. Geochemical 406 
studies have suggested that the Halaha basalts are characterized by lower 
87
Sr/
86
Sr and 407 
higher
 143
Nd/
144
Nd ratios than average, suggesting that the asthenosphere in this 408 
region is depleted (Ho et al., 2013; Zhao & Fan, 2012). In addition, the rare earth 409 
element (REE) and trace element patterns are similar to those of ocean island basalts, 410 
suggesting that their source zones are metasomatized by fluids from a relatively deep 411 
area (Zhao & Fan, 2012). Based on our new tomographic images, we suggest that the 412 
source of the fluids is the MTZ. We speculate that large-scale wet and hot upwelling 413 
from the MTZ may cause extension of the overlying lithosphere and the Halaha 414 
volcano may be a direct result of the local upwelling along lithospheric fractures or 415 
rifting.  416 
4.3 Lithospheric delamination and its effect on cretaceous-present volcanism 417 
During the Cretaceous, massive magmatism occurred in the GXR, the SLB and 418 
nearby regions of NE China. Results of petrologic and geochemical studies suggest 419 
that the large-scale volcanism in this period was caused by lithospheric delamination 420 
and subsequent asthenospheric upwelling (Wu et al., 2005; Zhang et al., 2010). Based 421 
on recent results of surface-wave tomography, Guo et al. (2015) argued that the lower 422 
crust may even have been removed in the delamination process. Our new models 423 
show a pronounced high-Vp anomaly at depths of ~300-500 km directly beneath and 424 
southeast of the GXR (Figure 10a). This feature was also revealed by our previous 425 
continental-scale tomographic study (Wei et al., 2012), which was interpreted as a 426 
delaminated lithosphere. However, the lack of evidence for large-scale vertical mantle 427 
flow at present beneath the northern GXR (Chen et al., 2017b; Huang et al., 2011) 428 
suggests that the delamination is more likely caused by old tectonic events that 429 
occurred , e.g., in the Cretaceous. 430 
Along the SM line, a large low-Vp anomaly is present beneath the SLB and 431 
extends to ~200 km depth, which is underlain by a high-Vp layer with a thickness of 432 
~100 km right above the 410-km discontinuity (Figure 10b). Considering the high 433 
heat flow with an average of 
270.9 14.4 mW.m  (Jiang et al., 2016) and high 434 
geothermal gradient with a maximum of 6.2°C/100 m measured in the SLB (Tian et 435 
al., 1992), it is reasonable to interpret this low-Vp zone as a hotter anomaly in the 436 
shallow mantle than the surrounding areas. Estimates of the lithosphere-asthenosphere 437 
boundary depth beneath NE China from an S-wave receiver-function study (Zhang et 438 
al., 2014) suggest that the lithospheric thickness beneath the SLB is ~100-120 km, 439 
significantly smaller than that under the GXR to the west (~140-160 km) and adjacent 440 
regions to the east (~120-150 km). The lithospheric thinning of the SLB has been 441 
reported by many previous studies (e.g., Meng et al., 2003; Ren et al., 2002), but its 442 
dynamic mechanism has long been a topic of debate. Our present results suggest that 443 
it is most likely caused by lithospheric delamination. The detached lithosphere is now 444 
located below the SLB and above the 410-discontinuity, which is imaged as a high-Vp 445 
structure (Figure 10b). A recent study indicates that the detached lithosphere can 446 
remain intact after delamination for more than 50 Ma (Bao et al., 2014). Following 447 
previous studies (Wu et al., 2005; Zhang et al., 2010), we suggest that the 448 
delamination occurred in the Cretaceous, then upwelling of the asthenosphere caused 449 
the large-scale volcanism around the SLB.   450 
Our results indicate that the detached lithosphere beneath the GXR seems to pass 451 
through the 410-discontinuity and drop down to the MTZ, while the detached 452 
lithosphere beneath the SLB is still located above the 410-discontinuity (Figure 10a 453 
and b). If the same falling velocity is assumed, the large-scale lithospheric 454 
delamination should occur with a trend from the west to the east, which is consistent 455 
with the eastward decrease in age of the Cretaceous volcanic rocks (Zhang et al., 456 
2010). We suggest that the subduction and rollback of the Paleo-Pacific plate may 457 
have played an important role in controlling the lithospheric delamination migrating 458 
eastward in the Cretaceous. The delamination resulted in the upwelling of the 459 
asthenosphere, which induced the extensive volcanism in NE China in the Cretaceous.  460 
This sinking continental lithosphere may also play a role in the current 461 
volcanism.  Recent shear-wave splitting studies show evidence for extensive null 462 
splitting in the SLB and surrounding regions, suggesting the existence of vertical 463 
mantle flow (Chen et al., 2017b; Li et al., 2017). This can be explained by the sinking 464 
of the delaminated lithosphere with return flow around the edges. Interestingly, the 465 
Cenozoic volcanism is located around the edges of the SLB (Figure 1). We suggest 466 
that the return flow from the sinking lithosphere could cause thermal anomalies 467 
responsible for the Cenozoic volcanism at some volcanoes in NE China. However, we 468 
see the low-Vp anomaly extending to 500 km and 400 km depth beneath the Halaha 469 
and Wudalianchi volcanoes, respectively, suggesting deeper processes are involved, 470 
but the delaminated lithosphere may still control the location of volcanism because 471 
upwelling material would need to flow around it.  472 
6. Conclusions 473 
In this study, high-resolution P-wave velocity images beneath NE China are 474 
obtained by inverting teleseismic P-wave data recorded by two dense linear arrays. 475 
Our results reveal more details of the mantle structure and origin of the Wudalianchi 476 
and Halaha intraplate volcanoes, which are of great importance for better 477 
understanding the volcanism and mantle dynamics of NE China.  478 
Our results indicate that the deep subduction of the Pacific plate has affected the 479 
formation of both of the volcanoes. A large-scale high-Vp anomaly is revealed in the 480 
MTZ and uppermost lower mantle beneath the Wudalianchi volcano, above which a 481 
smaller-scale low-Vp structure exists in the upper mantle These results suggest that 482 
the formation of the Wudalianchi volcano is associated with the upwelling of wet and 483 
hot asthenospheric materials in the BMW above the stagnant Pacific slab in the MTZ 484 
(Figure 12). The Halaha volcano is located immediately above the western edge of the 485 
subducted Pacific slab. Our new results show that the Halaha volcano is fed by a 486 
localized upwelling, similar to the Wudalianchi volcano. But their difference is that 487 
the Halaha volcano is connected with a broad low-Vp structure to a depth of ~500 km. 488 
We suggest that the Halaha volcano is related to a focused upwelling produced by the 489 
falling down of the subducted Pacific slab into the lower mantle (Figure 12).  490 
Some high-Vp structures on and around the 410-km discontinuity are revealed 491 
beneath the GXR and SLB, which may reflect the detached lithosphere. The 492 
lithospheric delamination most likely occurred in the Cretaceous and caused 493 
widespread volcanism of NE China in that period and may partly control the location 494 
of the intraplate volcanism today.  495 
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Figure captions 779 
Figure 1. A map showing the regional tectonics and topographic relief in northeast 780 
China and adjacent areas. The purple areas show the Cenozoic volcanic rocks, the 781 
red triangles show the Holocene volcanoes, and the dashed lines show the major 782 
faults. In the inset map, the blue rectangle shows the present study region and the 783 
green broken curves denote the isodepth contours of the subducting Pacific plate. 784 
Figure 2. Distribution of seismic stations (purple stars) along the EH and SM profiles 785 
used in the study. The data are from ChinArray (ChinArray, 2006). The red 786 
triangles denote the Holocene volcanoes, and the dashed lines show the major 787 
faults. In the inset map, the green dots denote the teleseismic events that yielded 788 
P-wave relative arrival times used in the tomographic inversions, the blue lines 789 
denote the major plate boundaries, and the three concentric circles denote 790 
epicentral distances of 30, 60 and 90 degrees. 791 
Figure 3. Distribution of P-wave ray paths along the (a) EH and (b) SM profiles after 792 
the crustal correction. The red and blue lines show the rays with delayed and early 793 
arrivals, respectively. The mean relative travel-time residuals (RTT) at every 794 
station (green stars) are shown at the top, where the red circles and blue diamonds 795 
denote delayed and early arrivals respectively. The scales for the RTT residuals 796 
are shown at the bottom. 797 
Figure 4. The trade-off curves between velocity perturbation variance and data 798 
variance reduction for tomographic inversions with varying damping and 799 
smoothing values for the (left) EH and (right) SM profiles. The dot with the black 800 
circle shows the optimal damping value. 801 
Figure 5. Histograms of relative P-wave travel-time (RTT) residuals (a, b) before and 802 
(c, d) after tomographic inversions for the (a, c) EH and (b, d) SM profiles. 803 
Figure 6. A discrete spike test. The input spherical anomalies have a diameter of 100 804 
km. The recovered P-wave models are shown at four depth slices (100, 300, 500 805 
and 700 km) and along a vertical cross-section that is located near the EH line. 806 
The red triangle denotes the Wudalianchi volcano. The two white dashed lines in 807 
the vertical cross-sections denote the 410 and 660 km discontinuities. The velocity 808 
perturbation scale is shown at the bottom.  809 
Figure 7. The same as Figure 6 but for a discrete spike test along the SM profile. The 810 
red triangle denotes the Halaha volcano.  811 
Figure 8. Map views of the P-wave tomographic model along the EH profile. The 812 
layer depth is shown at the upper-right corner of each map. Red and blue colors 813 
show slow and fast velocity perturbations respectively, whose scale is shown at 814 
the bottom. The red triangle denotes the Wudalianchi volcano. 815 
Figure 9. The same as Figure 8 but for P-wave tomography along the SM profile. The 816 
red triangle denotes the Halaha volcano. 817 
Figure 10. Vertical cross-sections of P-wave tomography along the (a) EH and (b) 818 
SM lines. Red and blue colors denote slow and fast velocity perturbations, 819 
respectively, whose scale is shown at the bottom. The red triangles denote the 820 
Wudalianchi volcano (a) and the Halaha volcano (b). The surface topography 821 
(black line) and seismic stations (green stars) are shown above the cross-sections. 822 
The distance between the adjacent white dots at the top is 1°(~110 km). The two 823 
white dashed lines denote the 410 and 660 km discontinuities. 824 
Figure 11. Results of synthetic resolution tests. The left and right panels show the 825 
input synthetic models and the recovered models after tomographic inversion, 826 
respectively. 827 
Figure 12. A cartoon showing the main features of the upper-mantle structure and 828 
mechanisms driving intraplate volcanism in Northeast China. See the text for 829 
details. 830 
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